A variable inductor consisting of just a magnetic core and primary dc and secondary ac windings, is able to control effective inductance of the secondary ac winding linearly and continuously by the primary dc current due to magnetic saturation effect. Therefore, it can be applied as a var compensator in electric power systems. The variable inductor has desirable features such as simple and robust structure, low cost, and high reliability. In a previous paper, a novel concentric-winding type three-phase variable inductor was proposed. It was demonstrated in experiments that the proposed variable inductor has good controllability and low distortion current. This paper presents a method for calculating iron loss of the proposed variable inductor based on reluctance network analysis (RNA). The validity of the proposed method is demonstrated through a comparison with measured values.
Introduction
In electric power systems, line voltage stabilization is one of the important subjects because renewable and distributed power sources such as wind-turbine and photovoltaic power generations are being introduced in large quantities. In order to regulate the line voltage, the semiconductor power converters such as a static var compensator (SVC) and a static synchronous compensator (STATCOM) have been introduced 1), 2) . These apparatuses, however, have some problems including harmonic current, electromagnetic interference (EMI), and high cost.
A variable inductor consists of only a magnetic core and primary dc and secondary ac windings 3) , but can control effective inductance of the secondary ac winding linearly and continuously by the primary dc current due to magnetic saturation effect. Thus, it can be used as a var compensator by combining with a power capacitor 4) . The variable inductor has simple and robust structure, high reliability, and low cost. These features are advantages for applications in electric power systems. Several kinds of variable inductors have been proposed. However, all the previously proposed variable inductors have a single-phase structure. Hence, at least three variable inductors are required for the var compensation in electric power systems.
To resolve the above problem, a three-phase variable inductor was presented in a previous paper 5) . It has only one laminated-core in which three-phase secondary ac windings are installed together. The previous three-phase variable inductor demonstrated good controllability and low distortion current, but the winding space factor was low since the primary dc windings must be placed on the ring yoke.
To improve the winding space factor, a novel concentric-winding type three-phase variable inductor was proposed 6), 7) . It has primary dc and secondary ac windings which are concentrically wound on each leg. It was indicated that the reactive power per weight of the proposed variable inductor is about 1.6 times larger than that of the previous one, namely, the weight of the proposed variable inductor can be reduced by 40% 8) . This paper presents an iron loss calculation of the proposed variable inductor based on reluctance network analysis (RNA). The establishment of the iron loss calculation method is indispensable for the optimum design of the var compensator. The usefulness of the proposed method is proved by comparing with measured values.
2. Basic configuration and operating principle of concentric-winding type three-phase variable inductor Fig. 1 illustrates a basic configuration of a concentric-winding type three-phase variable inductor, which consists of six legs, two ring yokes, and primary dc and secondary ac windings. The secondary ac windings N u , N v , N w are coiled around each couple of legs on the straight line, respectively. These windings are connected in delta, and to the three-phase ac voltage source. On the other hand, each primary dc winding N dc is concentrically wound on the leg where the secondary ac winding is coiled around, and a couple of the primary dc windings on the straight line is connected in series to cancel the induced voltages caused by the secondary ac fluxes.
3. Iron loss calculation for concentric-winding type three-phase variable inductor To calculate the iron loss of the variable inductor, three-dimensional (3-D) RNA is employed because its analytical model is simple, the calculation speed and accuracy are high, and the coupled analysis is readily performed.
First, the three-phase laminated-core is divided into multiple elements as shown in Fig. 4(a) . To take leakage flux into consideration, the surrounding space of the core is also divided. The divided elements can be expressed in a 3-D unit magnetic circuit shown in Fig. 4(b) . When the 3-D unit magnetic circuit is in the core region, the reluctances R mr and R m express the magnetic nonlinearity, and the magnetic inductances R' r and R'  represent the iron loss of the core. These elements can be obtained as follows.
When considering the iron loss, a relationship between the magnetic field H and the flux density B can be given by 9) .
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The first and second terms of (1) denote the magnetic nonlinearity, and the third and fourth terms express the iron loss.
The coefficients  1 and  m are determined by a B-H curve of core material shown in Fig. 5(a) , while the coefficients  1 and  n are obtained from a core loss curve shown in Fig. 5(b) , which includes hysteresis and eddy current losses in the core. These coefficients are m = 13,  1 = 106,  13 = 6.3, n = 9,  1 = 0.14, and  9 = 2.0×10
-26 , respectively. where the magnetic path length and the cross section of each divided element are l and S, respectively. The reluctances and the magnetic inductances in the 3-D unit magnetic circuit can be determined by (2) .
On the other hand, the reluctance R mz in the z-axis direction should be determined considering a laminated structure of the core. Apparent permeability in the z-axis  e is given by
where the vacuum and core permeability are  0 and  s , and the space factor of the laminated silicon steel core is d f , respectively. Accordingly, R mz is obtained as a linear reluctance from (3). On the other hand, when the unit magnetic circuit is in the surrounding space, the linear reluctances R mr , R m , R mz are obtained from the dimensions of each divided element and the vacuum permeability  0 , while the magnetic inductances R' r , R'  are zero. Finally, when the RNA model obtained in the way described above is coupled with the external electric circuits as shown in Fig. 6 , the characteristics of the variable inductor can be calculated by a general purpose circuit simulator SPICE 10) . Fig. 7 shows the measured and calculated iron losses of the concentric-winding type three-phase variable inductor. Both values are in good agreement when a primary dc current is 0 A. Contrary to this, the error increases as the primary dc current becomes large. The reason is that the RNA model shown in Fig. 4 is able to consider only the iron loss caused by the flux flowing in the r -and  -directions, which is parallel with the laminated silicon steel. On the other hand, the eddy current loss caused by the leakage flux flowing in the z -axis direction, which is perpendicular to the laminated silicon steel, is neglected 4. RNA model considering eddy currents on laminated silicon steel In general, the eddy currents on the laminated silicon steel are distributed in a complicated manner. To take this into consideration in RNA, the following assumption is applied 11) : The distribution of the eddy currents is based on the division of the RNA model as shown in Fig. 8 , and the eddy current flows uniformly in each element.
To express the eddy current on the laminated silicon steel in the RNA model, the 3-D unit magnetic circuit and the eddy current circuit are combined as shown in voltage e z . From the induced voltage e z and the resistance R ed , the eddy current i ed can be obtained, which gives the MMF in the 3-D unit magnetic circuit. In practice, all the eddy current circuits are connected with each other as shown in Fig. 10 to consider the current interaction between the adjacent elements. Fig. 8 . Distribution of the eddy currents in the RNA model. 
Conclusion
This paper presented a method for calculating iron loss of the concentric-winding type three-phase variable inductor based on RNA.
It was clear that the eddy currents on the laminated silicon steel must be considered in order to estimate the iron loss of the concentric-winding type three-phase variable inductor. The usefulness of the proposed method was proved by comparing with the measured values.
